Finally, since there is a striking similarity to the ENUinduced mutation spectrum in mouse, these results reveal that Drosophila continues to be an excellent model system.
Introduction N-Ethyl-.N-nitrosourea (ENU), a monofunctional ethylating agent, is mutagenic in a wide variety of mutagenicity test systems from viruses to mammalian cells (for a review see Shibuya and Morimoto, 1993) . The predominant mutagenic lesions induced by ENU are ethylations at the O 6 of guanine, O 2 of thymine and O 4 of thymine (Beranek, 1990) . O 6 -Ethylguanine, if not repaired before replication (Saffhill et ai, 1985) , generates GC->AT transitions. (7 4 -Alkylthymine may induce AT-»GC transitions and, to a lesser extent, AT->TA transversions or double point mutations (Klein et ai, 1990) . The effect of C^-alkylthymine on mutation induction is not so clear; recently it has been pointed out that it would produce mainly AT-»TA transversions (Bhanot et ai, 1992) . Although ethylations on the N7 of guanine are also significant, this adduct has a lower genotoxic potential (Friedberg et ai, 1995) . The overall molar ratio for adducts at A:T and G:C base pairs is approximately equal (Beranek, 1990; Burkhart and Mailing, 1993) .
Contrary to this well-established alkylation pattern, the ratios of substitutions at AT versus GC base pairs by ENU differ greatly, depending on the assay employed (Burkhart and Mailing, 1993; Shibuya and Morimoto, 1993) . In Escherichia coli and in post-meiotic stages of Drosophila melanogaster the molecular spectrum observed for ENU correlates with the relative amount of mutagenic alkylation, the majority being GC-»AT transitions (Richardson et ai, 1987; Burns et ai, 1988; Pastink et ai, 1989) . However, when the data available from in vivo ENU-induced germ cell mutations in endogenous target genes of mouse are considered most of the mutations are AT->GC transitions and AT-»TA transversions, with GC->AT transitions representing only 7% (Marker et ai, 1997 , and references therein). Since there is no information on the nature of mutations induced by ENU in repair-active germinal cells of Drosophila, we have determined the molecular mutation spectrum of ENU mutants derived from spermatogonial stem cells of D.melanogaster, using the vermilion system.
The vermilion system of Drosophila offers an efficient germline assay, vermilion is a small X-linked eye color gene, with a transcript of ~1.4 kb, and is well characterized at the molecular level (Searles et ai, 1990) . The system allows characterization of a broad variety of genetic changes, such as point mutations and intra-and multi-locus deletions and insertions. In fact, the vermilion method has been successfully used to determine the molecular mutation spectra induced in post-meiotic cells by monofunctional and cross-linking alkylating agents (Pastink et ai, 1989 (Pastink et ai, , 1991 Nivard et ai, 1992 Nivard et ai, , 1993 Nivard et ai, , 1996 Sierra et ai, 1993; Ballering et ai, 1994; Cizeau et ai, 1994; Aguirrezabalaga et ai, 1995a,b) . In addition to the potential of the vermilion system to accomplish complete spectra, other advantages supplied by D.melanogaster are: (i) it has an endogenous metabolic system similar to that of mammals (Vogel and Sobels, 1976; WUrgler et ai, 1984; S0ndergaard, 1993) ; (ii) it allows one to study each germ cell stage separately; (iii) it also allows measurement of different end-points (Vogel and Sobels, 1976; Vogel and Natarajan, 1979; WUrgler et ai, 1984) ; (iv) Drosophila pre-meiotic cells have functional DNA repair enzymes (Smith et ai, 1983; Vogel, 1989; Dusenbery and Smith, 1996) , like mammal spermatogonia stem cells (Russell et ai, 1979; Favor et ai, 1990a) .
With this system we have found that ENU induces mostly mutations at AT sites in pre-meiotic germ cells. Therefore, our results show that the ENU mechanism of mutation induction is similar to that described in mouse.
Materials and methods
Isolation of mutants bw males, 1-2 days old, were placed in 30 ml glass tubes, with eight layers of glass microfiber paper fWhalmann GF/A) at the bottom, soaked with 0.9 ml 1 mM ENU solution ; Sigma Chemical Co., St Louis, MO) and 5% sucrose in phosphate buffer (8.03 mM Na 2 HPO4-2H 2 0, 58.78 'To whom correspondence should be addressed. Tel: +34 8 510 3599; Fax: +34 8 510 3534; Email: msierra@sauron.quimica.uniovi.es mM KH2PO4, pH 6.0). After 24 h exposure males were mated to ln(l)sc ilL sc BR In(l)dl-49, s^sc*. v, y, bw (see Lindsley and Zimm, 1992 ) virgin females. The bw gene was introduced as a marker to facilitate identification of mutant flies, since the double mutant v;bw yields white eyes, making them easily distinguishable in a pool of bw flies. The progeny were subdivided into broods as follows: males were re-mated successively to virgin females at 2, 5, 9, 12, 16 and 19 days, to constitute broods 1A, 2A, 3A, 4A, 5A and 6A; progeny from broods 5 and 6 are from cells which were in the spcrmatogonial stage at the time of treatment. Females from brood 5A were transferred to new bottles twice to yield broods 5B and 5C The same was done to obtain broods 6B and 6C
Gonadal mosaic mutations cannot be recovered as mutant flies in the first generation, because vermilion is a non-autonomous gene Thus identification of these mutants required a second generation: F| non-mutant females were individually mated to F| males, allowing a sex-linked recessive lethal test (SLRLT) in parallel. Because the treated stages are germline stem cells, induction of a mutation in one of them can give rise to a cluster of cells, all carrying the same mutation To identify F| clusters and their frequency at the beginning of the work the F] matings were carried out individually. Later the matings were carried out in bottles to increase the offspring number. As in the F, generation, a portion of the F 2 generation was recovered in bottles to expedite scoring of large numbers of flies. For each vermilion mutation homozygous strains were built up for molecular analysis.
Cloning and sequencing of mutants Molecular analysis was carried out according to Sierra el al (1993) , with modifications. DNA from those mutants which do not show mutations in the coding sequence were amplified for the upstream region, looking for putative changes affecting transcription regulatory sequences. The primers employed (23mer El, 5'-GAATTCCAAGCACATTGCAAGAA-3', and 20mer E2, 5'-CGCCTCCTCGTCGCTAAAGA-3') yield an amplified fragment of 1 8 kb, including 1 kb upstream of the coding region and restriction sites for the enzymes Sad and EcoRl. To exclude Taq polymerase-introduced errors two clones from independent amplification reactions were sequenced for each mutant
Results
To make comparisons possible ENU doses and treatment conditions were as previously used by Pastink et al. (1989) with post-meiotic cells. Our results (Table I) show that ENU is a potent inducer of mutations in spermatogonia of Drosophila, as in mouse (Russell et al., 1979) . However, this cellular stage is less sensitive to ENU than post-meiotic stages. The frequency of recessive lethals (SLRL) was 6.47%, as opposed to 13.69% (486 lethals in 3549 chromosomes; data not shown) in post-meiotic cells. This could be due to differences in DNA repair capacity and/or xenobiotic metabolism, which are functional in pre-meiotic stages and thereby affect induction of mutations (Russell et al., 1979) .
From 671 488 F, females 24 vermilion mutant flies were isolated, corresponding to 11 independent clusters (Table I ). In the F 2 generation, by only considering the nine mutants isolated from individually mated crosses, the frequency of 5.98X 10" 4 is more than three times higher than the vermilion mutation frequency in the F, generation (1.63X10" 4 ). Another two vermilion mutants were found in the F 2 generation from flies mated in mass culture. Since germ cells were in the spermatogonial stem cell stage at the time of treatment, isolation of these F 2 mutants implies that ENU-induced adducts persist through meiosis, neither being fixed as mutations nor repaired until fertilization. Induction of mosaics by ENU has also been described for the mouse (Favor et al.. 1990b) .
Of the 35 mutant flies isolated 24 were analyzed at the molecular level (Table II) . In three of the mutants no mutation was found. Mutant E-520 carried two mutations at positions -453 and -685. an AT->TA transversion and a AT->GC transition respectively. Little is known about the regulation of vermilion gene transcription, since only two consensus sequences have been described and no TATA box has been found (Searles et al., 1990) . However, the type of mutation found in the 5' upstream region could be expected to be induced by ENU. Thus at least one of them might affect a sequence necessary for transcription of the vermilion gene. Mutant E-608 carried two mutations in the coding region of vermilion. One of them is a silent mutation, i.e. no amino acid change was produced. This mutation would not have been identified without the existence of the other, responsible for the aberrant phenotype. Although two independent mutations, E-509 and E-521, mapped in the same position, no mutation hotspots have been found for vermilion, as reported earlier (Pastink et al., 1989 (Pastink et al., , 1991 Nivard et al., 1992 Nivard et al., , 1993 Nivard et al., , 1996 Sierra et al., 1993; Ballering et al., 1994; Cizeau et al, 1994; Aguirrezabalaga et al, 1995a,b) . Five mutants belong to two different clusters. Therefore, we have found 20 independent mutations.
The mutation spectrum established for ENU (Table III) is made up of: 10 AT-»TA transversions (50%), five from the F] generation and five from the F 2 generation; seven AT->GC transitions (35%), three of them from the F 2 generation; two GC->AT transitions (10%), one F, and one F 2 ; one F 2 GC->TA transversion (5%). No significant differences were found with respect to the nature of F, and F 2 mutations.
Discussion
Results obtained in this work show that ENU is a potent inducer of mutations in spermatogonia of Drosophila, as in the mouse (Russell et al, 1979; Sega et al, 1986; Shibuya and Morimoto, 1993; van Delft et al, 1997) . However, the SLRL mutation frequency induced in this cellular stage is only 6.47%, as opposed to 14% in post-meiotic germ cell stages. This difference may be due to variations in DNA repair capacity, which functions in pre-meiotic stages, and because ENU is a direct acting alkylating agent we do not expect much influence of xenobiotic metabolism.
The molecular spectrum obtained (Table III) clearly agrees with that expected from a potent O-alkylating agent such as ENU. The GC->AT and AT->GC transitions would be induced by the direct mispair capacities of the adducts C^-alkylguanine and C^-alkylthymine respectively (Saffhill et al, 1985; Preston et al, 1986) . The AT-»TA transversions may originate through induction of abasic sites (Loeb and Preston, 1986) or through the genotoxic properties of the O 2 -ethylthymine adduct (Eckert et al, 1988; Bhanot et al, 1992) and, to a lesser extent, by ethylation at the the O 4 (Friedberg et al, 1995) or N3 of thymine (Grevatt et al, 1991) . The majority of mutations (85%) are induced at AT sites, being either transversions or transitions.
Thus the spectrum obtained is in contrast to that from postmeiotic cells (Table IV) , which is clearly dominated by GC mutations (68% of total) and in which AT mutations, either induced through O-alkylation or abasic sites, represent only 32% (Pastink et al, 1989) .
In human cells repair of the ethyl adduct in C^-ethylguanine, but not of (T'-ethylthymine nor 0 2 -ethylthymine, depends upon the cooperative action of two systems: the suicide enzyme C^-methylguanine-DNA methyltranferase (MGMT) and the nucleotide excision repair (NER) machinery (Bronstein et al, 1992) . In E.coii (T'-ethylthymine adducts are primarily removed by alkyltransferases (Brent et al, 1988) , although this appears not to be the case in human cells (Sassanfar et al. 1991 : Bronstein et al. 1992 . The influence of NER on the iY-£rty/-N-nitrosourea Induced mutations The number of independent clusters appear in parentheses. kSLRL, sex linked recessive lethals. c Only considering those mutants from individually mated crosses. repair of O 4 adducts is also uncertain. While in E.coli these adducts are partially repaired by NER (Samson et al, 1988) , no influence of this DNA repair pathway has been reported in human cells (Bronstein et al, 1992) . The repair mechanisms involved in removing C^-ethylthymine adducts are undefined, but it does not seem to be by the above-mentioned DNA repair systems (Sassanfar etal., 1991; Bronstein etal, 1992) . AT-^TA transversions could originate from N-alkylation-induced abasic sites. However, these lesions are efficiently repaired by the NER system (Huang et al, 1994) . In summary, among the predominant mutagenic lesions induced by ENU C^-ethylguanine is the most easily repaired in mammalian cells.
The majority of known eukaryotic DNA repair systems, including the enzyme MGMT (Guzder et al, 1991) and a NER system with important homologies with the human enzymes (Mounkes et al, 1992; Henning et al, 1994) , are present in D.melanogaster (Dusenbery and Smith, 1996) . Then, since both the NER system and the MGMT enzyme are active in spermatogonial stem cells (Smith et al, 1983; Vogel, 1989; Dusenbery and Smith, 1996) , it is expected that the main DNA damage responsible for the molecular spectrum induced by ENU is adducts at thymine oxygens. We suggest that the AT-»TA transversions were mainly caused by ethylation of the O 2 of thymine, because of its long half-life and great difficulty of removal (Beranek, 1990) , and not through abasic sites. Therefore, the C^-ethylthymine adduct would be the origin of most induced mutations (50%, see Table III ). The C^-ethylthymine adduct, also with high stability and difficult repair, contributes significantly to the spectrum (35%), whereas (^-ethylguanine, although probably induced at higher frequency, because of its efficient repair exhibits minor geno- Richardson el al. (1987) and Bums et al (1988) .
•" Pasting et al. (1989) . c Skopek et al. (1992) . d Pooled from and Kohler et al. (1991) and Douglas et al (1993) . e Pooled from Kohler et al. (1991) , Douglas et al. (1993) and Provost and Short (1994) . f Marker et al. (1997) and references therein.
toxicity (10%). N-Alkylation-induced abasic sites, probably the cause of GC->TA transversions (5%), are less relevant compared with the at least 13% obtained in post-meiotic cells (Pastink et al, 1989) . This could be an additional indication that abasic sites are efficiently repaired in this cellular stage. Differences in the mutation spectrum observed in postmeiotic cells would then be the result of either DNA repair, adduct persistence and/or cell cycle timing. In rapidly dividing cells the adducts induced would be fixed as mutations, not having enough time to be repaired (Burkhart and Mailing, 1993) . However, the time required for spermatogonial division and spermatogenesis (Lindsey and Tokuyasu, 1980) should permit removal of some adducts, such as C^-ethylguanine and N-alkylation-induced abasic sites.
When this spectrum in pre-meiotic cells of D.melanogaster is compared with the data on endogenous genes of mouse germ cells, the similarity in the results is striking (Table FV) . In both cases the majority of mutations occurred at AT sites, 85% (17/20) in Drosophila versus 89% (24/28) in mouse, although in Drosophila AT-»TA transversions are the most frequent base change (10 versus seven AT->GC), whereas in the mouse these are AT->GC transitions (14 versus 10 AT-»TA) (Marker et al., 1997, and references therein) .
Clearly then, the most important ENU-induced mutagenic lesions in spermatogonial cells are ethylation at thymine oxygens, despite the higher frequency of the C^-ethylguanine lesion. This could explain why chemicals which do not ethylate these positions (O 4 -and O 2 -ethylthymine) , such as ethyl methanesulfonate (EMS; Beranek, 1990) , in pre-meiotic stages are less mutagenic than ENU, both in Drosophila (Lee et al., 1990; Vogel and Nivard, 1994) and mouse (van Delft et al., 1997) .
Our results indicate, on the one hand, that in addition to being a practical and economical system for testing the mutagenic potential of genotoxic agents, and contrary to what Marker et al. (1997) stated, D.melanogaster is also a very good in vivo model to study mechanisms of germline mutagenesis, because, as this work shows, these genotoxic agents affect this organism in the same way as they affect mammals, specifically the mouse. It is necessary only to analyze equivalent cellular conditions when comparisons are made, either among organisms or among different cells in an organism, as was already concluded by Vogel and Nivard (1994) . As an example, the molecular mutation spectrum induced by ENU in endogenous genes of mouse somatic cells in vivo (Skopek et al, 1992) resembles that of germ cells (Table IV) , however, the similarity is much higher between the spectra induced in pre-meiotic germ cells of Drosophila and mouse. On the other hand, these results emphasize the lack of predictive value when using an organism such as E.coli (Richardson et al, 1987; Burns et al, 1988) or in vitro cellular systems (Eckert et al, 1988) , in which the most frequent type of mutation recovered (GC->AT transitions) corresponds with the most frequent DNA lesion induced (C^-ethylguanine), but which do not show any influence of DNA repair systems. In addition, as Marker et al. (1997) have suggested, the use of transgenic mouse strains in this type of study is questioned. Because of the broad variation in results analyzing either somatic (Kohler et al, 1991; Douglas et al, 1993) or germ cells (Kohler et al, 1991; Douglas et al, 1993; Provost and Short, 1994 ) and the influence of factors which are still unclear, such as the transmissibility of the damage induced, the mutagen, locus and germ cell specificity, the molecular spectra obtained are not representative of the spectra induced in pre-meiotic repair-active male germ cells of higher eukaryotic organisms, such as mouse and Drosophila (Table IV) .
Considering the mutation mechanisms already mentioned (i.e. C^-ethylguanine, C^-ethylthymine and C^-ethylthymine responsible for GC->AT transitions, AT->GC transitions and AT->TA transversions respectively), we can analyze the DNA sequence surrounding the damaged base, as well as the strand carrying the lesion. Regarding the surrounding sequence (Table  II) , a strong site bias for G:C pairs 5' of the damage base is observed, occurring in ~85% of mutations. This observation can be extended to G:C base pairs both 5' and 3' of the supposed alkylated base (Table V) . A differential repairability, as well as a preferential site for adduct formation, could be the origin of such specificity (Horsfall et al, 1990) . In E.coli Burns et al (1988) pointed out a defect in excision repair iV-ErtyZ-N-nitrosourea induced mutations when damaged bases were flanked by G:C base pairs and the same effect was observed in human cell cultures (Eckert et al, 1988) . From our data no determination of the primary cause of sequence specificity of ENU in spermatogonia of Drosophila may be made. No preferred sequence for damage was found in post-meiotic cells of Drosophila (Pastink et al, 1989) . Some of the data from germ cell mutations in mice in vivo also show a striking preference of ENU for A:T sites, with 11 of 12 mutations adjacent to GC base pairs and eight of 12 mutations flanked by them (Pearce et al, 1995; Zingg et al, 1995 , and references therein), although a later report considering 10 mutations did not show such a preference (Marker et al, 1997) .
With respect to strand specificity, we saw no strand differences in the mutation spectrum. However, no strand bias is expected: in contrast to mammals or E.coli, in which excision repair could operate coupled to transcription, resulting in preferential repair of the transcribed strand and major occurrence of mutations in the non-transcribed strand (Bootsma and Hoeijmakers, 1993) , no preferential DNA repair has been found in Drosophila (de Cock et al, 1992a,b; van der Helm et al, 1997) .
From the data obtained in this work it is clear that utilization of pre-meiotic germ cells of Drosophila represents a significant contribution to the in-depth study of germ cell mutagens and also to the study of the complex relationships between mechanisms and end-points in germinal cell chemical mutagenesis.
